Abstract. HBV-targeted ribonuclease (TR) is a fusion of HBV core protein (HBVc) and human eosinophil-derived neurotoxin (hEDN). Introduction of TR by transfection or transduction into HepG2.2.15 cells (a cell model of HBV infection) revealed that it significantly reduces serological markers of HBV replication (including HBsAg, HBeAg and HBV DNA) in cell supernatants, suggesting that the targeted ribonuclease inhibits HBV replication. To further our understanding of the molecular mechanism of the anti-HBV effect of TR, we expressed TR in E. coli and found that purified TR possesses RNase activity and targeting activity. Furthermore, the antiviral effect of TR depends both on an enzymatically active hEDN and on the core domain. In or out of HepG2.2.15 cells, TR coassembles with the wild-type capsid protein into particles with internal hEDN domains. Our data suggest an intracellular ribonuclease activation mechanism that, owing to the characteristics of HBV morphogenesis, is highly virus specific. HBV may therefore be particularly vulnerable to the capsid-targeted viral inactivation approach.
Introduction
Hepatitis B virus (HBV) is a small DNA virus that replicates via reverse transcription and causes acute and chronic B-type hepatitis in humans. Chronic HBV infection is a major health problem worldwide. Globally, more than 350 million people are infected with HBV, and some of them will develop liver cirrhosis and hepatocellular carcinoma (HCC). Current treatment regimens for chronic HBV infection, including interferon-Á, lamivudine, adefovir and different combinations of these drugs, have only a limited long-term efficacy and are associated with many adverse effects and drug resistance (1, 2) . Therefore, the discovery of novel treatment strategies for HBV infection is both necessary and urgent. In fact, many novel treatment strategies have been tested for inhibition of HBV replication, such as antisense nucleotides, ribozymes, intracellular antibodies, targeted nucleases and RNA interference (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . All of these inhibit HBV replication to various degrees.
To explore alternative treatments for HBV infection, we previously constructed HBV-targeted ribonuclease (TR), a fusion protein of HBV core protein (HBVc) and human eosinophil-derived neurotoxin (hEDN), and its effect on HBV replication was tested (14) . After the targeted ribonuclease was introduced by transfection or transduction into HepG2.2.15 cells (a cell model of HBV infection), we found that it significantly reduced serological markers of HBV replication, namely HBsAg, HBeAg, and HBV DNA in the supernatants of HepG2.2.15 cells, suggesting that the targeted ribonuclease inhibited HBV replication.
In the present study, we explored the molecular mechanisms of the anti-HBV effect of the targeted ribonuclease and its dependencies. We found that purified TR possesses RNase and targeting activities in vitro, which supports the following mechanism: TR specifically recognizes pregenomic RNA (pgRNA) of HBV (the template for HBV replication) intracellularly via the HBVc domain, and the hEDN domain degrades the pgRNA. This leads to reduced replication of HBV DNA and reduced synthesis of viral proteins, which finally results in a reduction in extracellular HBV DNA and viral proteins HBsAg and HBeAg. Together with our previous findings, this clarifies the mechanism by which HBV replication is inhibited by the TR. The targeted ribonuclease may therefore be a promising alternative anti-HBV agent.
We report that the antiviral strategy of capsid-targeted viral inactivation (CTVI) was designed to disable newly produced virions by fusing a degradative enzyme (e.g., a nuclease or protease) to a viral protein that causes the degradative enzyme to be inserted into virions during assembly. Several new experimental approaches have been developed that increase the antiviral effect of the CTVI strategy on retroviral and retroviral-like replication in vitro, such as that of A Moloney murine leukemia virus, dengue 2 virus and HBV. We recently demonstrated the principle of CTVI against HBV infection and observed a modest therapeutic effect in vivo.
Materials and methods

Construction of plasmids.
All the recombinant DNA and plasmid constructs were prepared using standard subcloning procedures by inserting fragments. The coding genes of hEDN, TR and TRmut in pcDNA3.1(-)/hEDN, pcDNA3.1(-)/ TR and pcDNA3.1(-)/TRmut [hEDN mutated for just one amino acid, Lys113→Arg, which eliminates the ribonuclease activity (35) ] were cloned into prokaryotic expression vector pET32a(+). After digesting with BamHI and HindIII, we verified the successful construction of pET32a(+)/hEDN, pET32a(+)/TR and pET32a(+)/TRmut.
Protein expression, purification and determination. BL21(DE3) E. coli cells were freshly transformed with the pET32a(+)/hEDN, pET32a(+)/TR and pET32a(+)/TRmut plasmid and fermented as recommended by the supplier. The three types of fusion protein were isolated from inclusion bodies, denatured, renatured and dialyzed as described (36) . Fractions containing hEDN, TR and TRmut were pooled, dialyzed against 10 mM Tris-HCl (pH 7.5), 25 mM NaCl, and lyophilized. The fractions containing hEDN, TR and TRmut were constructed in 0.8 mM imidazole and 1% Triton X-100 (Sigma, St. Louis, MO, USA) before 0.6 ml of Ni 2+ -NTA-agarose was added. The slurry was rotated end over end for 1 h at room temperature before collection on a column. The column was washed with 20 ml of 20 mM Tris-HCl (pH 7.5) containing 0.8 mM imidazole and step-eluted with 4-column volumes each of the same buffer with 40, 50, 60, 100, 200, 300 and 400 mM imidazole. Protein was monitored throughout the purification procedure using the BCA protein assay reagent (Pierce, Rockford, IL, USA) according to the manufacturer's instructions using bovine albumin as standard.
Ribonuclease assay. Two types of methods were used to detect the ribonuclease activity of TR. Total RNA was prepared from HepG2 cells by using the Trizol RNA Isolation reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. Four micrograms of total cellular RNA was incubated with 1 μg of TR protein sample in diethyl pyrocarbonate water at 37˚C for 1 h. RNase activity was measured by the degradation of intact total cellular RNA by formaldehyde agarose gel (1.2%). The RNA samples were electrophoresed at 50 V for 90 min, stained with ethidium bromide and visualized by UV illumination. In the other method used to detect ribonuclease activity, TR and hEDN were measured in a final volume of 0.3 ml containing 0.33 mg/ ml yeast tRNA, 0.17 M Tris-HCl (pH 7.5), 0.17 mM EDTA, 0.17 mg/ml human serum albumin (Calbiochem, Los Angeles, CA, USA) and the appropriate concentration of the ribonuclease (dilutions were constructed in 0.5 mg/ml human serum albumin). The mixtures were incubated for 15 min at 37˚C before termination with 700 μl of 3.4% ice-cold perchloric acid. All assays were performed in the linear range of the enzyme except where noted. Absorbance readings of the appropriate blanks were subtracted from assays containing the enzyme.
Cell culture, transfection, ß-galactosidase (ß-Gal) activity assay and fluorescence microscopy. HepG2.2.15 cells were maintained in DMEM supplemented with 10% fetal bovine serum. Transfections of the plasmids pcDNA3.1(-)/hEDN, pcDNA3.1(-)/TR and pcDNA3.1(-)/TRmut were performed as previously described (14) . Transgene expression was determined by fluorescence microscopy. For the ß-Gal reporter gene assay, the total amount of DNA used in each transfection was kept constant by the addition of appropriate amounts of empty vector pcDNA3.1(-), and assays were performed according to the manufacturer's protocol. ß-Gal activity was normalized to the protein concentration in each well. All transfection experiments were repeated at least twice with triplicate wells.
Targeting activity of the HBV-targeted ribonuclease. The targeting activity of the HBV-targeted ribonuclease was assayed both in and out of the transfection experiment. After transfection, the total RNA of the transfected groups was extracted with Trizol, while HepG2.2.15 cell extracts were prepared and subsequently incubated with 0.2 nM TR, TRmut and hEDN, respectively, at 37˚C for 1 h. Viral RNA was isolated using the QIAmp Viral RNA Minikit (Qiagen, Valencia, CA, USA). The total RNA of the transfection groups and the viral RNA of the incubation groups were used as the template for RT-PCR, which was carried out to detect the degradation of the HBV pregenomic RNA. The primers to the HBV pregenomic RNA were designed as reported (17) .
Statistical analysis. Analysis of variance and the Student's t-test were used for data analysis. Differences were considered significant at P<0.05.
Results
Expression and purification of hEDN, TR and TRmut. hEDN, TR and TRmut were expressed in E. coli [BL21(DE3)]. Induction with isopropyl-1-thio-ß-D-galactopyranoside (IPTG) led to an accumulation of the expressed protein in the inclusion bodies. In the inclusion bodies, hEDN represented 50% of the protein (apparent molecular mass, 25 kDa) (Fig. 1,  lanes 2 and 5) . Although TR and TRmut were not expressed in as high a yield as hEDN, it still represented one of the major components of the inclusion bodies (Fig. 1, lanes 1 and  4, lanes 3 and 6, respectively) . In SDS-polyacrylamide gel electrophoresis, TR and TRmut migrated with an apparent molecular mass of 43 kDa, which was close to the expected size (the calculated molecular mass of TR is 45,048 Daltons). The inclusion bodies were vigorously washed, and the proteins were denatured with 8 M urea and renatured by rapid dilution into Refolding buffer (0.25 mM Tris-HCl (pH 7.5), 0.1 M NaCl, 1.0 M urea and 10% glycerol). After exhaustive dialysis in Native lysis buffer (Qiagen), the renatured proteins were added to 0.6 ml of Ni 2+ -NTA-agarose, incubated and washed using the same buffer with 40, 50, 60, 100, 200, 300 and 400 mM imidazole. This resulted in the elimination of the majority of contaminating proteins. Only 5% of the total protein found in the inclusion bodies was purified as functional protein. Large losses occurred at both the renaturing step and at the dialysis step. Similar observations have been reported (15, 16) .
Ribonuclease activity. Authentic TR exhibits specific RNase activity, including digestion of RNA isolated from HepG2 cells. Fig. 2A shows the RNase activity of TR against RNA isolated from HepG2 cells. Based on the degradation of RNA as analyzed by electrophoresis in 1.2% formaldehyde agarose gels, TR exhibited potent RNase activity, whereas no RNase activity was detected in TRmut. Fig. 2A also shows the dosedependent RNase activity of TR. Complete digestion of both substrates was obvious at 1.0 μg of TR, and cleavages were apparent at 0.4 μg. The ribonuclease activity of TR and TRmut was measured and compared to that of hEDN. The enzymatic activities of both TR and hEDN were inhibited by placental ribonuclease inhibitor (data not shown) and by an anti-TR antibody similarly. As shown in Fig. 2B , TR exhibited ribonuclease activity that was inhibited by the anti-TR antibody. The specific activity of hEDN, however, was 6-13% that of TR. The lower specific activity of the hEDN protein could be due either to improper folding or to the coupling of the C terminus of the ribonuclease to another protein interfering with its enzymatic activity. At present, there is no way to distinguish these possibilities or to separate the active from the inactive protein. All subsequent concentrations of TR reported in this study reflect the protein concentration determined by the ribonuclease activity. Thus, TR retains both functionalities of the fusion protein: ribonuclease activity and the ability to package into HBV capsid (data not shown). Fig. 3A , the results of the ß-Gal activity assays indicate that the transfection efficiency of HepG2. (Fig. 3C) .
Assay of TR targeting activity. As shown in
On the basis of the above results, the targeting activity of TR was assessed further. Utilizing the unique structure of the HBV genome and transcripts, a rapid transcript-specific RT-PCR assay was developed that allowed the specific detection of preC mRNA molecules and simultaneously monitored the level of total RNA transcription (pre-C mRNA plus pgRNA) (17) . First, lysates of the HepG2.2.15 cells were prepared and co-incubated with TR. Then RNA in the lysate was extracted as a template, and RT-PCR was carried out to detect the degradation of 3.5-kb RNA. As shown in Fig. 4A , with no difference in the housekeeping gene GAPDH, the loss of 3.5-kb RNA due to co-incubation with TR was significantly greater than that of the controls, and coincubation with TRmut and hEDN resulted in no difference from the negative control. Furthermore, we found increasing degradation of 3.5-kb RNA with increasing TR concentrations (Fig. 4B) . Next, we assayed the targeting activity of TR in a transfection experiment. Scanning of electrophoresis showed that transfection with TR significantly decreased the 3.5-kb RNA levels (Fig. 4C) . Prior to this report, we demonstrated that the targeted ribonuclease constructed by us (the fusion protein of HBVc and hEDN) dramatically reduced the concentration of HBsAg, HBeAg and HBV DNA in the supernatant of transfected HepG2.2.15 cells (14, 18) . Although it is possible that the decrease was caused by factors other than the inhibition of HBV replication by targeted ribonuclease, our results strongly disprove this argument. First, the fact that pcDNA3.1(-)/TR inhibited HBV replication while pcDNA3.1(-)/TRmut (which is identical to pcDNA3.1(-)/TR except for one amino acid mutation that eliminates ribonuclease activity) did not indicates that the reduction was dependent on the ribonuclease activity of the targeted ribonuclease. Second, transfection with pcDNA3.1(-)/ hEDN did not affect the results, showing that the reduction relies on HBVc as a targeting molecule in the fusion protein.
Discussion
Hepatitis B virus infection (HBV) is a significant global health problem. Despite the success of universal hepatitis B vaccination in many countries, more than 350 million individuals worldwide are chronically infected and 15-40% of those will develop cirrhosis and/or hepatocellular carcinoma if left untreated. Available therapies for chronic HBV infection are effective at decreasing viremia and improving measured clinical outcomes. However, no single therapy is optimal. As such, alternative drug therapies and investigations of their role in the management of chronic HBV are warranted. Significant improvements in the understanding of the HBV life cycle, viral genomics, and virushost interactions continue to lead to the development of novel viral targets and immune modulators. The restriction of HBV genome replication to the nucleocapsid makes this nucleoprotein particle an attractive target for intervention. Apart from nucleic acid-based strategies (19, 20) , dominant negative core protein variants have been described that passively interfere with nucleocapsid assembly (21) (22) (23) (24) . A conceptually more powerful approach is capsid-targeted viral inactivation (CTVI), or more generally, virion-targeted viral inactivation, which exploits a viral capsid protein or another virionassociated protein as a carrier to target a degradative enzyme specifically into virus particles (25, 26) . Alternatively, nucleic acid-based effectors such as ribozymes may be fused to viral packaging signals and used against viruses that, like retroviruses but unlike HBV, encapsidate more than one genome or genome segment (27, 28) . For the protein-based approach, the ribonuclease from human eosinophil-derived neurotoxin (hEDN), which is an important member of the ribonuclease A superfamily, is considered particularly useful. It was discovered based upon a specific neurotoxicity to Purkinje cells and it differs markedly from RNase A in this activity (29, 30) . EDN is found in cytotoxic granules located in eosinophils, and it may play a role in the anti-parasite and anti-tumor activities of eosinophils. It was reported that rEDN was not toxic to a variety of tumor cells in cultures up to 12 μM, whereas EDNsFv was specifically toxic to target cells at 1 pM. Therefore, EDN can be used to create specific and cytotoxic chimeric proteins (16) .
The effector molecule in our study, hEDN, is a ribonuclease. Therefore, the target molecule degraded by the targeted ribonuclease constructed by us is most probably HBV pgRNA, the only RNA stage in the replication of HBV. As stated above, this notion is also supported by our experimental results, since the ribonuclease activity of hEDN is necessary for the anti-HBV effect of the TR. Similarly, onconase, an amphibian ribonuclease, was reported to inhibit HIV replication intracellularly by degrading HIV RNA (31) . The degradation of HBV pgRNA not only leads to less mature virions released from host cells (which means secreted viral particles have lower infectivity), but it also inhibits the amplification of HBV closed circular DNA (cccDNA) which is downstream of pgRNA in HBV replication (32) . This inhibition of HBV cccDNA amplification is of pivotal significance for the treatment of chronic HBV infection since the amplification of cccDNA, the template for all HBV transcripts, plays a major role in the persistence of HBV in infected hepatocytes (1, 33) .
In summary, we constructed a novel targeted ribonuclease that specifically inhibits HBV replication but has no cytotoxicity for host cells. Our results raise the possibility of using this TR as a therapeutic agent for human HBV infection. For this purpose, we generated a recombinant adenovirus vector carrying the TR to test its antiviral efficacy in an HBV murine model and achieved beneficial results (34) . With no difference in the housekeeping gene GAPDH, the loss of the 3.5-kb RNA from co-incubation with TR was significantly higher than in the controls, and that from coincubation with TRmut and hEDN was not different from the negative control. (B) Increasing degradation of the 3.5-kb RNA with increasing TR concentratio was noted. (C) The targeting activity of TR was detected in a transfection experiment. Scanning of electrophoresis showed that transfection with TR significantly decreased the level of 3.5-kb RNA.
